Heme oxygenase 1 (HO-1) is an inducible stress-response enzyme that not only catalyzes the degradation of heme (e.g., released from erythrocytes) but also has an important function in various physiological and pathophysiological states associated with cellular stress, such as ischemic/reperfusion injury. HO-1 has a welldocumented anti-inflammatory potential, and HO-1 has been reported to have a negative effect on adhesion and migration of neutrophils in acute inflammation in a model of peritonitis. This finding is supported by our recent observation that hematopoietic stem progenitor cells (HSPCs) from HO-1 KO mice are easy mobilizers, since they respond better to peripheral blood chemotactic gradients than wild-type littermates. Based on these findings, we hypothesized that transient inhibition of HO-1 by nontoxic small-molecule inhibitors would enhance migration of HSPCs in response to bone marrow chemoattractants and thereby facilitate their homing. To directly address this issue, we generated several human hematopoietic cell lines in which HO-1 was upregulated or downregulated. We also exposed murine and human BM-derived cells to small-molecule activators and inhibitors of HO-1. Our results indicate that HO-1 is an inhibitor of hematopoietic cell migration in response to crucial BM homing chemoattractants such as stromal-derived factor 1 (SDF-1) and sphingosine-1-phosphate (S1P). Most importantly, our in vitro and in vivo animal experiments demonstrate for the first time that transiently inhibiting HO-1 activity in HSPCs by small-molecule inhibitors improves HSPC engraftment. We propose that this simple and inexpensive strategy could be employed in the clinical setting to improve engraftment of HSPCs, particularly in those situations in which the number of HSPCs available for transplant is limited (e.g., when transplanting umbilical cord blood).
INTRODUCTION
Stromal-derived factor 1 (SDF-1), which binds to the seven-transmembrane-spanning G ai protein-coupled receptor CXCR4, is unique among the family of chemokines as a chemoattractant of hematopoietic stem/progenitor cells (HSPCs) [1] [2] [3] . Since the CXCR4 receptor is expressed on HSPCs, SDF-1 plays an important role in regulating the trafficking of these cells and facilitates their homing and engraftment in bone marrow (BM) after transplantation. Furthermore, SDF-1 is involved in the retention of HSPCs in BM stem cell niches [4] [5] [6] [7] . Nevertheless, the role of the SDF-1-CXCR4 axis in stem cell homing to BM has recently been challenged by several observations that support the involvement of SDF-1-CXCR4-independent homing mechanisms in which bioactive phosphosphingolipids, such as sphingosine-1-phosphate (S1P) 7-10 and ceramide-1-phosphate (C1P) 11 , may compensate for SDF-1-CXCR4 axis deficiencies in homing and retention of HSPCs in BM 7, [11] [12] [13] . Since SDF-1 is a major homing factor, several strategies have been proposed to enhance the chemotactic responsiveness of HSPCs to an SDF-1 gradient and thereby enhance homing to BM and accelerate engraftment of transplanted HSPCs. These strategies are based on ex vivo exposure of HSPCs to small cationic peptides (e.g., C3a, LL-37, or b-2 defensin) [14] [15] [16] , prostaglandin E2 (PGE-2) 17 , and hyaluronic acid (HA) 18 , which enhance the chemotactic responsiveness of HSPCs to an SDF-1 gradient [14] [15] [16] [17] [18] . Recently we focused on heme oxygenase 1 (HO-1), which is an inducible stress-response enzyme that not only catalyzes the degradation of heme (e.g., released from erythrocytes), but also performs an important function in various physiological and pathophysiological states associated with cellular stress, such as ischemic/ reperfusion injury 19 . As reported, HO-1 deficiency in humans and mice results in vulnerability to stress-mediated injury 20, 21 . Moreover, HO-1 has been reported to have negative effects on adhesion and migration of neutrophils in acute inflammation 22 . We confirmed this observation in our recent article and, significantly, demonstrated that HSPCs purified from HO-1 KO mice show enhanced migration in response to SDF-1 and S1P gradients 23 and are easily mobilized into peripheral blood with G-CSFand AMD3100-induced pharmacological mobilization 23 . In support of a highly migratory state of HSPCs from HO-1 KO animals, mice lacking one HO-1 allele (HO-1 +/-) showed accelerated hematopoietic recovery from myelotoxic injury, as HO-1 +/-HSPCs repopulated lethally irradiated recipients with more rapid kinetics. Unfortunately, mice transplanted with HO-1 KO HSPCs were ineffective in radioprotection and in serial repopulation of myeloablated recipients 20 . Based on these observations, we hypothesized that transient inhibition of HO-1 by employing small-molecule inhibitors ex vivo could have a beneficial effect by increasing the chemotactic responsiveness of HSPCs to homing in response to SDF-1 and S1P gradients and that this strategy could enhance homing and engraftment of HSPCs after transplantation.
To address this issue directly, we first generated several human hematopoietic cell lines in which HO-1 was downregulated or overexpressed and performed in vivo transplant experiments in mice with bone marrow mononuclear cells (BM-MNCs) exposed to a small-molecule HO-1 inhibitor. We found that the chemotactic responsiveness of human and murine malignant and normal hematopoietic cells to SDF-1 and S1P gradients was enhanced in cells with downregulated HO-1 expression or activity. Most importantly, murine BM-MNCs exposed to the HO-1 inhibitor SnPP engrafted faster in lethally irradiated recipients. We propose that this strategy to transiently inhibit HO-1 activity is safe and could be potentially employed in the clinic to accelerate engraftment of human HSPCs.
MATERIALS AND METHODS

Animals
We employed 72 C57BL/6J wild-type (WT) mice, 6-8 weeks old, as well as six green fluorescent protein (GFP)-expressing mice as cell donors in our experiments. Animals were purchased from The Jackson Laboratory (Bar Harbor, ME, USA), and all experiments were approved by the Animal Care and Use Committee of the University of Louisville (Louisville, KY, USA).
Cells
Murine BM-MNCs were collected by flushing murine tibias and femurs and then separated from erythrocytes and granulocytes by Ficoll-Paque centrifugation. Human peripheral blood (PB)-derived and umbilical cord blood (UCB)-derived CD34 + cells were isolated by employing MiniMacs anti-CD34 + magnetic beads according to the manufacturer's protocol 24 . Raji, K562, Jurkat, and Nalm6 cell lines were purchased from ATCC (Manassas, VA, USA) and propagated in Roswell Park Memorial Institute (RPMI)-1640 medium (Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; Seradigm, Radnor, PA, USA), 1× GlutaMAX™ (Life Technologies), and 1× penicillin-streptomycin (Life Technologies). All cell lines were passaged every 2-3 days to maintain concentrations in an approximate range of 200,000-800,000 cells/ml.
Cell Line Electroporation
Twenty-four hours prior to electroporation, all cell lines were subdivided to ensure logarithmic growth at the time of electroporation. On the following day, cells were harvested via brief centrifugation (5 min at 400 × g) and washed twice with 1× phosphate-buffered saline (PBS; GE Healthcare Life Sciences, Pittsburgh, PA, USA). An aliquot of cells (3 × 10 6 cells) was then resuspended in 300 µl of room temperature (RT) RPMI-1640 medium without supplements, transferred to a 0.1-cm electrode gap Gene Pulser ® Cuvette (Bio-Rad, Hercules, CA, USA), and 15 µg of plasmid DNA added with gentle agitation. Electroporations were carried out on each cell line using the Gene PulserXcell™ Electroporation System (Bio-Rad) with an applied voltage of 0.200 kV, a capacitance of 950 µF, and a resistance of 400 W. Following electroporation, the contents of each cuvette were transferred to individual wells of a six-well tissue culture-grade plate containing 2 ml of RPMI complete medium (without antibiotics). Cells were then incubated for 48 h at 37°C and 5% CO 2 prior to undergoing antibiotic-mediated selection.
HO-1 Overexpression and shRNA-Mediated Knockdown
For the establishment of HO-1-overexpressing cell lines, cells were electroporated with 15 µg of a human HO-1 expression vector under the control of a cytomegalovirus (CMV) promoter (pCMV6-HO-1, vector SC320297; Origene, Rockville, MD, USA) or an empty control vector containing CMV-driven eGFP (pEGFP-C2; Clontech Laboratories, Mountain View, CA, USA). Forty-eight hours postelectroporation, both pCMV-HO-1-and pEGFPnucleofected cells underwent antibiotic-mediated selection using G418 (800-2,000 µg/ml). In shRNA-mediated HO-1 knockdown experiments, cells were electroporated with either 15 µg of a Mission™ shRNA construct targeting human HO-1 (TRCN0000290436; Sigma-Aldrich, St. Louis, MO, USA) or a nontargeted shRNA control (SHC016; Sigma-Aldrich). As previously described, cells were placed under antibiotic-mediated selection using puromycin (2-5 µg/ml) 48 h after electroporation. All cell lines were maintained under antibiotic-mediated selection pressure throughout the duration of their expansion prior to experimentation.
Detection of HO-1 by Western Blotting
This experiment was carried out to determine the HO-1 protein expression levels in all of the transfected hematopoietic cell lines employed here in comparison with their respective control cell lines. The cells were harvested, centrifuged, and washed with PBS. Next, the total protein extracts were collected after cell lysis using radioimmunoprecipitation assay (RIPA) lysis buffer supplemented with protease and phosphatase inhibitors (Santa Cruz Biotechnology, Dallas, TX, USA) as described previously 11 . For each sample, the protein concentration was measured using the Pierce bicinchoninic acid (BCA) Protein Assay Kit (Pierce, Rockford, IL, USA). The adjusted extracted proteins (40 µg/each sample) were then separated on a 4-12% SDS-PAGE gel, and fractionated proteins were transferred to a polyvinylidene fluoride (PVDF) membrane (Bio-Rad). The membranes were blocked with 2.5% nonfat dry milk in Tris-buffered saline containing 0.1% Tween (TBST) for 1 h at room temperature. After washing with TBST, the membranes were incubated with rabbit anti-HO-1 polyclonal antibody (diluted 1:1,000; Enzo Life Sciences, Farmingdale, NY, USA) overnight at 4°C. To ensure equal protein loading in all the lanes, blots were stripped and then reprobed with rabbit anti-b-actin monoclonal antibody (diluted 1:1,000; Novus Biologicals, Littleton, CO, USA). All membranes were treated with an enhanced chemiluminescence (ECL) reagent (Amersham Life Sciences, Pittsburgh, PA, USA) and subsequently exposed to film (Hyperfilm; Amersham Life Sciences). For band visualization, an automatic film processor supplied with fresh warm developer and fixer solutions was used 10, 15 .
Real-Time Quantitative Reverse-Transcription PCR of Cell Lines
Total RNA was isolated from hematopoietic cells in which HO-1 was up-and downregulated and their respective controls with the RNeasy Kit (Qiagen, Valencia, CA, USA). The RNA was reverse-transcribed with MultiScribe reverse transcriptase and oligo-dT primers (Applied Biosystems, Foster City, CA, USA). Quantitative assessment of mRNA levels was done by real-time RT-PCR on an ABI 7500 instrument with Power SYBR Green PCR Master Mix reagent. PCR conditions were as follows: 95°C (15 s), 40 cycles at 95°C (15 s), and 60°C (1 min). According to melting point analysis, only one PCR product was amplified under these conditions. The relative quantity of a target, normalized to the endogenous b2-microglobulin gene as control and relative to a calibrator, is expressed as 2 -DDCt (fold difference), where Ct is the threshold cycle, DCt = (Ct of target genes) − (Ct of the endogenous control gene, b2-microglobulin), and DDCt = (DCt of samples for the target gene) − (DCt of the calibrator for the target gene) 15 . The following primer pairs were used for analysis: 5¢-GGG TGA TAG AAG AGG CCA AGA CT-3¢ (forward) and 5¢-AGC TCC TGC AAC TCC TCA AGA-3¢ (reverse).
Transwell Chemotaxis Assay
Raji, K562, Jurkat, and Nalm6 cell lines were incubated overnight in RPMI-1640 medium containing low levels of bovine serum albumin (BSA, 0.5%) to render the cells quiescent. BM-MNCs from WT mice, human PB-and UCB-derived cells were made quiescent for 3 h with RPMI-1640 medium with 0.5% BSA and incubated for 1 h with different doses of the HO-1 inhibitor, tin protoporphyrin IX dichloride (SnPP; Tocris Bioscience, Bristol, UK), or the activator, cobalt (III) protoporphyrin IX chloride (CoPP; Enzo Life Sciences Inc.). Afterward, incubation cells were washed and resuspended in assay medium (RPMI-1640 with 0.5% BSA). Subsequently, all cells were aliquoted at a density of 1 × 10 6 cells in 100 µl into 5-µm (for murine BM-MNCs and human CD34 + cells) and 1 × 10 5 cells in 100 µl into 8-µm (for human cell lines) polycarbonate membrane inserts in a Costar Transwell 24-well plate (Costar Corning, Cambridge, MA, USA) for 3 h of chemotaxis at 37°C. Medium with 0.5% BSA (650 µl/well) containing either no chemoattractant (negative control), SDF-1 (100 ng/ml), or S1P (0.1 µM) was added to the lower chambers of the plate. After 3 h of incubation, the cells from the lower chambers were collected. The number of human line cells and murine BM-derived cells were scored by FACS (Becton Dickinson, Franklin Lakes, NJ, USA). Briefly, the cells were gated according to their forward scatter (FSC) and side scatter (SSC) parameters and counted during a 30-s acquisition at a high flow rate. Afterward, chemotaxis murine and human PB-or UCB-derived cells from the lower chamber were resuspended in human methylcellulose base medium provided by the manufacturer (R&D Systems, Minneapolis, MN, USA), supplemented with murine and human granulocyte/macrophage colonystimulating factor (GM-CSF) (25 ng/ml) and interleukin-3 (IL-3) (10 ng/ml), respectively, for determining the number of CFU-GM colonies. Cultures were incubated for 7 and 14 days (murine and human cells, respectively) (37°C, 95% humidity, and 5% CO 2 ), at which time they were scored under an inverted microscope for the number of colonies 10 .
Fibronectin Adhesion Assay
Murine BM-MNCs and human UCB or PB CD34 + cells (5 × 10 4 /100 µl) were made quiescent for 3 h with RPMI-1640 medium with 0.5% BSA and incubated with different doses of SnPP or CoPP for 1 h and then washed by centrifugation and suspended in RPMI-1640 medium. Raji, K562, Jurkat, and Nalm6 cell lines (1 × 10 4 /100 µl) were made quiescent overnight in RPMI-1640 medium with 0.5% BSA. Subsequently, cell suspensions were added for 15 min at 37°C directly to 96-well plates coated before the experiment with fibronectin (10 µg/ ml), incubated overnight at 4°C, and then blocked with medium with 0.5% BSA for 2 h. Nonadherent cells were then washed from the wells, and all adherent cells were counted using an inverted microscope 24 .
Toxicity Assays
Murine BM-MNCs and human CD34 + cells (1 × 10 6 / dish) were exposed to HO-1 inhibitor SnPP (10-75 µM) and murine cells also to HO-1 stimulator CoPP (30-90 µM) for 1 h. Thereafter, cells were resuspended in human methylcellulose base medium provided by the manufacturer (R&D Systems, Inc.). To evaluate the number of clonogenic progenitor cells, BM-MNCs were supplemented with 25 ng/ml recombinant murine or human GM-CSF and 10 ng/ml recombinant IL-3 (Millipore, Billerica, MA, USA) for stimulating CFU-GM colonies and with erythropoietin (EPO, 5 units/ml; Stem Cell Tech, Vancouver, BC, Canada) plus stem cell factor (SCF, 5 ng/ml) for stimulating burst-forming units (BFU-E). Cultures were incubated for 7 (murine) and 14 (human) days (37°C, 95% humidity, and 5% CO 2 ), at which time they were scored under an inverted microscope for the number of colonies, as previously described 10 .
Short-Term Homing Experiments
Mice were irradiated with a lethal dose of g-irradiation (1,000 cGy). After 24 h, the animals were transplanted (by tail vein injection) with 3 × 10 6 BM cells from GFP + mice previously incubated with 50 µM of SnPP for 1 h or medium only (control group). At 24 h after transplant, BM cells from the femurs were isolated via Ficoll-Paque and divided. Some cells (5 × 10 5 ) were incubated with Vybrant ® DyeCycle™ Ruby stain (Invitrogen, Carlsbad, CA, USA) and analyzed by FACS. The rest of the cells were plated in serum-free methylcellulose cultures and stimulated to grow CFU-GM colonies with mGM-CSF (25 ng/ml) and mIL-3 (10 ng/ml). After 7 days of incubation (37°C, 95% humidity, and 5% CO 2 ), the number of colonies was scored under an inverted microscope 25 .
Evaluation of Engraftment
For engraftment experiments, mice were irradiated with a lethal dose of g-irradiation (1,000 cGy). After 24 h, mice were transplanted by tail vein injection with 1.5 × 10 5 BM cells from WT mice previously incubated with 50 µM SnPP or medium alone. Femora of transplanted mice were flushed with PBS on day 12 posttransplant. Purified via Ficoll-Paque, BM cells were plated in serum-free methylcellulose cultures and stimulated to grow CFU-GM colonies with mGM-CSF (25 ng/ml) and IL-3 (10 ng/ml). After 7 days of incubation (37°C, 95% humidity, and 5% CO 2 ) the number of colonies was scored under an inverted microscope. Spleens were also removed, fixed in Telesyniczky's solution for CFU-S assays, and the colonies counted on the surface of the spleen 25 .
Recovery of Leukocytes and Platelets
For transplantation experiments, mice were irradiated with a lethal dose of g-irradiation (1,000 cGy). After 24 h, the mice were transplanted by tail vein injection with 2.5 × 10 5 BM cells incubated with 50 µM SnPP or medium alone. Transplanted mice were bled at various intervals from the retro-orbital plexus to obtain samples for white blood cell and platelet counts. Fifty microliters of PB was taken from the retro-orbital plexus of the mice into EDTA-coated Microvette tubes (Sarstedt Inc., Newton, NC, USA) and run within 2 h of collection on a HemaVet 950FS hematology analyzer (Drew Scientific Inc., Oxford, CT, USA) as previously described 25 .
Statistical Analysis
All results are presented as mean ± SD. Statistical analysis of the data was done using Student's t-test for unpaired samples (Excel, Microsoft, Redmond, WA, USA) with a value of p £ 0.05 considered significant.
RESULTS
Upregulation of HO-1 in Established Hematopoietic Cell Lines Impairs Their Chemotactic Response to SDF-1 and S1P Gradients and Enhances Cell Adhesion
To address the effect of HO-1 on migration and adhesion of hematopoietic cells, we established three human hematopoietic cell lines in which HO-1 had been overexpressed after transducing cells with an HO-1-encoding vector. Figure 1A shows that HO-1 was upregulated, as assessed by Western blotting and real-time PCR, in Raji, K562, and Jurkat cell lines. This HO-1 overexpression was correlated with significant inhibition of the migration of these cells in response to SDF-1 and S1P gradients (Fig. 1C) as well as enhanced adhesion to fibronectincoated plates (Fig. 1B) .
Downregulation of HO-1 in Established Hematopoietic Cell Lines Increases Their Chemotactic Response to SDF-1 and S1P Gradients and Impairs Cell Adhesion
Next, we selected two cell lines with relatively high HO-1 activity and successfully downregulated HO-1 expression by employing a shRNA strategy ( Fig. 2A) . We found that downregulation of HO-1 in these cells was correlated with increased chemotactic responsiveness to SDF-1 and S1P gradients (Fig. 2C ) and decreased adhesion to fibronectin-coated plates (Fig. 2B) .
Downregulation of HO-1 in Murine BM-MNCs by Small-Molecule Inhibitors of HO-1 Increased Their Homing Responses to SDF-1 and S1P Gradients and Accelerated Their In Vivo Engraftment
Next, we employed a small-molecule inhibitor of HO-1 (SnPP) to downregulate HO-1 activity in BM-MNCs (Fig. 3) . Our in vitro toxicity study (data not shown; available upon request) revealed that SnPP, in the doses employed in our study, is not toxic to BM hematopoietic clonogenic progenitors.
We found that downregulation of HO-1 activity by SnPP in murine BM-MNCs enhanced chemotaxis of these cells in response to SDF-1 and S1P gradients (Fig. 3A, left panel) . More importantly, it also increased the chemotactic responsiveness of in vitro clonogenic CFU-GM progenitors (Fig. 3A, right panel) . At the same time, as we observed for established hematopoietic cells lines (Fig. 2B) , we found that inhibition of HO-1 decreased adhesion of these cells to fibronectin-coated plates (Fig.  3B) . In control experiments, we enhanced HO-1 activity in murine BM-MNCs by employing nontoxic doses of the HO-1 activator CoPP (data not shown; available upon request) and found the opposite effect on migration of murine BM-MNCs and clonogenic CFU-GM progenitors in response to SDF-1 and S1P gradients (data not shown; available upon request) and on adhesion of these cells to fibronectin-coated plates (data not shown; available upon request). Importantly, in kinetic inhibition studies we found that the effect of SnPP on enhanced migration of HSPCs is apparent for 6-9 h, which exceeds the time of decreased adhesion of these cells, since HSPCs regain normal adhesiveness to fibronectin after 3-6 h (data not shown; available upon request).
Next, we performed homing studies employing GFP + cells that were exposed to SnPP, and these cells were subsequently transplanted into lethally irradiated WT animals. Twenty-four hours after transplantation, we observed an increased number of GFP + transplanted cells in which HO-1 was inhibited by SnPP as well as an increased number of CFU-GM progenitors that were able to grow GFP + colonies after isolation from BM (Fig. 3C) .
To evaluate the engraftment of BM-MNCs exposed to an HO-1 inhibitor, we first transplanted BM-MNCs into lethally irradiated mice and at 12 days after transplantation evaluated the number of CFU-GM progenitors that, after isolation from BM, were able to form in vitro colonies as well as the number of day 12 CFU-S colonies (Fig. 3D) . Again, we observed a statistically significant beneficial effect of HO-1 inhibition on short-term engraftment.
Finally, to assess the effect of HO-1 inhibition by SnPP, we transplanted lethally irradiated mice with BM-MNCs exposed or unexposed to SnPP and evaluated the kinetics of leukocyte (Fig. 4A) and platelet (Fig. 4B ) recovery in these animals. We found that mice transplanted with BM-MNCs in which HO-1 was inhibited by SnPP had significantly accelerated recovery of leukocyte and platelet counts in peripheral blood. + BM-MNCs preincubated with 50 µM SnPP for 1 h. Twenty-four hours after transplantation, femoral BM-MNCs were harvested, the number of GFP + cells in murine BM was evaluated by FACS (left), and the number of clonogenic GFP + CFU-GM progenitors was enumerated in an in vitro colony assay (right). Both results were compared with the numbers obtained for WT mice transplanted with GFP + BM-MNCs untreated with SnPP. No colonies were formed in lethally irradiated and nontransplanted mice (irradiation control). The data in both panels represent the combined results from two independent experiments (n = 12). *p £ 0.05. (D) Defect in short-term engraftment of HSPCs exposed to SnPP in BM. Lethally irradiated mice (six mice per group) were transplanted with 1.5 × 10 5 BM-MNCs from WT mice incubated with medium alone (control) or SnPP (50 µM) for 1 h. Twelve days after transplantation, femoral BM-MNCs were harvested and plated in in vitro cultures to enumerate the number of CFU-GM progenitors (left), and spleens were removed to count the number of CFU-S colonies (right). The data in both panels represent the combined results from two independent experiments (n = 12). *p £ 0.05.
Downregulation of HO-1 in Human UCB-and PB-Derived Cells by Small-Molecule Inhibitors of HO-1 Increases Their Migration in Response to SDF-1 and S1P Gradients
Based on encouraging data with murine BM-MNCs, we exposed human UCB-and PB-derived MNCs to the small-molecule HO-1 inhibitor SnPP and evaluated the responsiveness of these cells to SDF-1 and S1P homing gradients. As in murine cells, inhibition of HO-1 in human UCB and PB MNCs resulted in enhanced migration ( Fig. 5A and B, left panels) and decreased adhesion to fibronectin-coated plates (Fig. 5A, B , right panels).
DISCUSSION
The most salient observation of this work is that HO-1 is a negative regulator of cell migration and adhesion for (at 0, 5, 7, 11, 16, 21, 28 , and 90 days after transplantation). Results are combined from two independent experiments (six mice per group, n = 12). *p £ 0.05. human and murine, normal and malignant hematopoietic cells. This observation has important implications for increasing the responsiveness of HSPCs to BM homing gradients and thus for developing better homing strategies for HSPCs after transplantation by employing smallmolecule inhibitors of HO-1.
Homing of HSPCs is a process initiated by their chemotactic responsiveness. After their infusion into PB, HSPCs respond to BM-secreted chemoattractants and lodge in the hematopoietic microenvironment of BM 3, 5, 6, 13 . Thus, by definition, the homing process precedes the subsequent expansion and engraftment of transplanted HSPCs. It is known that not all HSPCs infused into recipients home to BM, and in fact only ~10-20% find their way to BM niches, with the remainder of the cells "trapped" in lung, liver, and other organs 26 . Hence, it is obvious that by increasing the homing or seeding efficiency of HSPCs in the BM microenvironment, one could improve clinical outcomes for hematopoietic transplants, as better homing efficiency would accelerate engraftment and recovery of PB blood cell counts. Optimal seeding efficiency and homing of HSPCs is particularly important in UCB transplants and in poor mobilizers, in both of which cases the number of HSPCs may be below the threshold required for successful transplantation.
There are only a few chemoattractants for HSPCs involved in the BM homing process that have been identified so far. The most important is SDF-1 [1] [2] [3] [4] [5] [6] [7] ; however, recent evidence indicates that an SDF-1 chemotactic gradient is supported by gradients of bioactive phosphosphingolipids (S1P, C1P) 7 and certain extracellular nucleotides, such as UTP and ATP 27,28 . Significant effort is currently being directed at increasing the responsiveness of HSPCs to SDF-1 gradients. Specifically, since the SDF-1 interaction with CXCR4 + HSPCs is attenuated by the dipeptidyl peptidase CD26, inhibition of the CD26 exposed on HSPCs has been proposed to enhance the chemotactic responsiveness to SDF-1 gradients 29, 30 , and this strategy is currently being clinically tested in UCB transplant recipients. Another interesting strategy being tested in animal models is based on the modification of certain adhesion molecules on HSPCs by ex vivo treatment with fucosyltransferase, which increases the level of fucosylation or glycoengineering of these receptors and may improve HSPC homing to BM 31, 32 . In parallel, evidence has accumulated that the chemotactic responsiveness of HSPCs to an SDF-1 homing gradient can be modulated by ex vivo exposure of the cells to certain small-molecule priming factors that enhance SDF-1 signaling through CXCR4 receptors on the cell surface [14] [15] [16] . These priming factors are part of the innate immune response and include C3a and desArg C3a cleavage fragments of the C3 component of the complement cascade and the antimicrobial cationic peptides cathelicidin (LL-37 fragment) and b2-defensin. Homing can also be enhanced by exposure of HSPCs ex vivo to PGE2 17 or hyaluronic acid 18 . Finally, it was recently reported that homing and engraftment can be accelerated by ex vivo inhibition of glycogen synthase kinase-3b (GSK-3b) in HSPCs by employing a small-molecule inhibitor 33, 34 . Based on evidence from the literature that HO-1 deficiency accelerates engraftment of HSPCs, we considered a novel strategy to transiently downregulate ex vivo HO-1 activity in HSPCs before transplantation by employing the small-molecule HO-1 inhibitor SnPP. Such a strategy would avoid the consequences of long-term downregulation of HO-1 seen in mice transplanted with HO-1 KO cells, which resulted in a disrupted response to acute stress after transplantation 20 . This transient inhibition of HO-1 activity is important, since, as in mice, it has been reported that inborn HO-1 deficiency in a human patient resulted in several complications, such as growth retardation, anemia, leukocytosis, thrombocytosis, coagulation defects, hyperlipidemia, development of amyloidosis, and premature death 21 . This is at least partially explained by the lack of an anti-inflammatory effect of HO-1, particularly because it is a negative regulator of activation of the complement cascade 19, 23, 35 . We demonstrate here that, by taking advantage of the possibility of short-term inhibition of HO-1 activity in murine HSPCs, we can accelerate migration of these cells in response to SDF-1 and S1P homing gradients, which results in accelerated hematopoietic recovery from transplant. Since, in parallel experiments, human UCBderived MNCs after inhibition of HO-1 responded more robustly to SDF-1 and S1P gradients, we propose that a similar strategy could be employed to increase homing efficiency of these cells in patients, in particular, when the number of UCBs to be transplanted is low, and an increase in seeding efficiency of these cells to BM would improve clinical outcomes.
These investigations with normal murine and human HSPCs are strongly supported by experiments that we performed using human cell lines in which HO-1 had been permanently downregulated or overexpressed. In all these cell lines, a decrease in HO-1 expression resulted in improved migration in response to SDF-1 and S1P, and, vice versa, overexpression resulted in defective responsiveness to gradients of both chemoattractants.
One important observation from our studies is that HO-1 deficiency not only affects migration, but also adhesion of HSPCs. This is an important question to address, since cells after homing/lodging to the BM microenvironment need to subsequently adhere to their specific niches and engraft. However, this should not be a concern, as our experiments clearly show that, despite initially decreased adhesion to fibronectin-coated plates, transplanted BM-MNCs exposed ex vivo to SnPP efficiently engraft and accelerate recovery of transplanted animals. This could be explained by the fact that HO-1 was only transiently inhibited, and HSPCs recover from such treatment and regain their normal adhesive properties after homing to BM. In fact, we found that the chemotactic responsiveness of HSPCs after exposure to SnPP was enhanced for a longer period than the period of decreased adhesive properties of these cells. What is also very important, we provide evidence that SnPP is nontoxic against hematopoietic clonogenic progenitors, which supports the concept that it could be employed in a clinical setting to treat cells in the hematopoietic graft ex vivo.
In conclusion, we provide evidence that HO-1 is a negative regulator of cell migration and adhesion, and transient inhibition of HO-1 activity in HSPCs enhances their homing to BM and accelerates hematopoietic recovery after transplantation. Thus, we propose that this relatively simple strategy of ex vivo exposure of the graft to an HO-1 inhibitor may find practical application in clinical settings, particularly in UCB transplantation in which the number of HSPCs in the UCB unit is limited 36, 37 .
